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The Polycomb group (PcG) genes were first identified by their roles in ensuring appropriate temporal and spatial expression of Homeotic (Hox) genes, which act as transcriptional repressors required for correct body patterning during development. Members of the PcG family also play important regulatory roles in adult organisms, including stem cell maintenance, differentiation, and malignant transformation (for a review, see references 15, 23, and 42) .
PcG members are generally subdivided into two groups, Polycomb repressive complex 1 (PRC1) and PRC2, and are associated with distinct multiprotein complexes (13, 30) . It is believed that a coordinated action between PRC1 and PRC2 complexes introduces heritable histone modifications at certain promoters, followed by the recruitment of additional transcriptional repressors to these sites. The PRC2 complex, which includes Ezh2 and EED, possesses histone H3 lysine 9 and 27 methyltransferase activity, a "silencing" histone mark (8, 10, 38) . PRC1 components subsequently bind to methylated H3K27, inhibit SWI/SNF remodeling, and recruit histone deacetylases to silence gene expression (11, 47) . Biochemical histone modification by components of the PRC1 complex has also been described: reconstituted PRC1-like complexes containing Bmi1 and RING1B contain an E3 ubiquitin ligase activity capable of ubiquitinating histone H2A (7, 46) .
Bmi-1 and Mel-18 are highly homologous constituents of the PRC1 complex. They share 65% amino acid identity and contain a RING finger domain in the N terminus, as well as proline-rich sequences and a helix-turn-helix domain in the C-terminal tail. While they are viable and have certain distinguishable features, Bmi-1 Ϫ/Ϫ and Mel-18 Ϫ/Ϫ mice display similar phenotypes, including severe combined immunodeficiency, growth retardation, and skeletal malformations (2, 43) . Furthermore, double Bmi-1/Mel-18 nullizygous mutants die in utero and exhibit strong exacerbation of the single Bmi-1 or Mel-18 mutant phenotype (3) . Bmi-1 has a well-established role in supporting self-renewal of hematopoietic and neural stem cells by, at least in part, suppressing the expression of the negative growth regulators p16/INK4A and p19/ARF (34, 37) . To a lesser extent, Mel-18 Ϫ/Ϫ hematopoetic progenitor cells are unable to fully reconstitute hematopoiesis in sublethally irradiated recipient mice (20) . Mel-18 can also suppress p16 expression (21) ; however, the precise mechanisms of its contribution to stem cell maintenance have not yet been fully defined.
Although they appear to function similarly in normal cells, it is not known whether Bmi-1 and Mel-18 contribute to cancer cell growth and survival in similar ways. Bmi-1 was originally identified as a proto-oncogene that strongly cooperated with c-myc in mouse lymphomagenesis (17, 22, 44) . In human cancers, overexpression of Bmi-1 has been found in medulloblastoma, lung and breast tumors, and cell lines (12, 29, 45) . Gene amplification of Bmi-1 has been identified in a subset of human B-cell lymphomas (4) . In addition, Bmi-1 expression has been detected at the invading front of breast tumors (25) and was found to be a strong predictor of metastasis and poor survival in a number of cancers (16) .
Even though Mel-18 was originally cloned from B16 mouse melanoma cells and its expression was detected in transformed cells, but not in normal cells (41) , a later study suggested that it might function as a tumor suppressor (24) . To date, no systematic investigation of whether Mel-18 plays a role in the transformation or maintenance of a malignant phenotype has been undertaken. The consequences of long-term Bmi-1 or Mel-18 depletion in cancer cells in vitro and in vivo have also not been elucidated. We set out to investigate the roles of these Polycomb homologues in cancer cell growth.
Using tandem affinity purification (TAP), we isolated the respective Bmi-1 and Mel-18 protein complexes from human cancer cells, and we show that these Polycomb repressors associate with strikingly similar repertoires of proteins. Overexpression of Bmi-1 and Mel-18 in Rat1 fibroblasts results in growth stimulation, while short hairpin RNA (shRNA)-mediated ablation of Bmi-1 and Mel-18 expression in a number of cancer cell lines significantly inhibits their growth and survival in vitro. Gene-profiling experiments in DAOY medulloblastoma cells with defined Bmi-1 or Mel-18 status revealed a substantial proportion of commonly regulated genes, as well as a number of cancer-relevant pathways that might be controlled by these gene products. Most importantly, downregulation of Bmi-1 and Mel-18 in human medulloblastoma xenografts results in tumor growth retardation in vivo. Taken together, our data suggest that Bmi-1 and Mel-18 might have overlapping functions in the establishment or maintenance of tumorigenic phenotypes in medulloblastoma and other human cancers.
MATERIALS AND METHODS
Cloning and retroviral and lentiviral infection. Open reading frames of Bmi-1 and Mel-18 were cloned into the pNTAP vector (Stratagene). TAP-tagged Bmi-1 and Mel-18 were then subcloned into the pLNCX2 retroviral vector (Clontech). To obtain retroviruses, pLNCX2-TAP-Bmi-1 and pLNCX2-TAP-Mel-18 were cotransfected with pCG10-VSVG into GP2-293 packaging cells using Transit-293 reagent (Mirus). Media were exchanged the following day, and the viruscontaining supernatant was harvested 72 h later and used to infect proliferating HeLa cells in the presence of Polybrene (10 g/ml). Stable lines were generated by G418 selection (1 mg/ml).
Two shRNA constructs targeting either Bmi-1 or Mel-18 were purchased from Sigma (Bmi-1, NM_005180.5-693s1c1; Bmi-1-A, NM_005180.5-1061s1c1; Mel-18, NM_007144.2-840s1c1; Mel-18-A, NM_007144.2-441s1c1). shRNA targeting anaplastic lymphoma kinase, which is only expressed in lymphoid cells (ALK, NM_004304.x-5706s1c1), served as a negative control in all experiments. Lentiviruses were generated by cotransfection of shRNAs with pCG-VSVG and pCMV-⌬8.9 helper plasmids into a 293T packaging cell line using Transit-293 reagent (Mirus) according to the manufacturer's instructions. Stable shRNAexpressing cell lines were generated by infection with lentivirus in the presence of Polybrene (10 g/ml) and puromycin selection (1 g/ml).
TAP of protein complexes. Purification of TAP-Bmi-1, TAP-Mel-18, and control protein complexes was carried out from 5-by 500-cm 2 confluent dishes of HeLa stable lines for each condition using the InterPlay system (Stratagene) according to the manufacturer's instructions with minor modifications. HeLa cells stably expressing the green fluorescent protein were used as a negative control. Briefly, cells were lysed by several freeze-thaw cycles in the InterPlay lysis buffer containing 0.4 M NaCl. For incubation with streptavidin resin, the salt concentration was adjusted to 0.15 M NaCl and the protein content was normalized across samples. Protein complexes bound to streptavidin resin were eluted from the beads after several washes using biotin solution, and the resulting fraction was applied to calmodulin resin in the presence of Ca 2ϩ . Bound protein complexes were liberated following several washes by elution with the high-salt, EGTA-containing buffer. The eluates were dialyzed against phosphate-buffered saline (PBS) and concentrated using Microcon YM-3 devices (Amicon). Samples were further processed and analyzed by mass spectrometry as described in the supplemental material.
Tissue culture and in vitro phenotypic studies. All cell lines were purchased from ATCC and maintained in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and 1% antibiotic-antimycotic solution (Invitrogen). For Rat1 colony formation assays, cells were transfected in 60-mm dishes with pLNCX2-TAP-Bmi-1 and pLNCX2-TAP-Mel-18 using Lipofectamine 2000 reagent (Invitrogen). Twenty-four hours posttransfection, cells were trypsinized and counted. One thousand cells were plated onto 60-mm dishes in triplicate. Following 7 to 10 days of incubation in G418 (1 mg/ml)-containing media, colonies were fixed, stained with crystal violet, and counted using ImagePro software (MediaCybernetics). For Rat1 stable-line generation, plasmids were linearized prior to Lipofectamine 2000-mediated transfection, followed by G418 selection for 7 days.
For colony formation assays and phenotypic evaluation of stable shRNAmediated knockdown in cancer cells, transduced cells were seeded in six-well dishes in triplicate (750 cells/well) and incubated for 7 days in the presence of puromycin. Colonies were fixed, stained, and counted as described above. Cell proliferation was measured using the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay as supplied in the CellTiter 96 Aqueous One Solution Cell Proliferation kit (Promega). Briefly, 500 to 1,000 cells were seeded into 96 wells in replicates of six. The media were exchanged 24 h later for either 10% or 0.5% FBS, as indicated. The first MTS assay was performed on the same day (day 1) and then repeated on days 3, 5, and 7. For soft-agar assays, stable cell lines were seeded in 0.4% agar overlaid on top of 1% agar and incubated for 14 to 21 days. Fresh medium containing an appropriate selection antibiotic was added every 4 to 5 days. The resulting colonies were stained with Hoechst 33342 (1 g/ml) and photographed by fluorescence microscopy (Nikon). Colonies were counted using ImagePro software.
Apoptosis and cell cycle analysis. shRNA-expressing DAOY cells (50,000) were plated in triplicate onto six-well dishes and incubated for 5 days. The media and the cells were harvested, fixed in 70% ice-cold ethanol, and stained with propidium iodide (50 g/ml) in the presence of RNase (100 g/ml). Ten thousand cells were analyzed by fluorescence-activated cell sorting (FACS).
Western blot analysis. Protein expression was analyzed by Western blotting as previously described (48) . Briefly, cells were harvested by scraping them into cold PBS and lysed using RIPA buffer (Teknova) supplemented with protease and phosphatase inhibitor cocktails. Following sodium dodecyl sulfate-polyacrylamide gel electrophoresis, the proteins were transferred onto nitrocellulose membranes and analyzed using the following antibodies: anti-Bmi-1 (229F6; Upstate), antiMel-18 (sc10744; Santa Cruz), and anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Novus Biologicals).
Gene expression analysis. Total RNA was isolated using affinity resin (QIAGEN RNeasy Mini Kit; QIAGEN AG). RNA integrity and purity were assessed with the RNA 6000 Nano LabChip system on a Bioanalyzer 2100 (Agilent Technologies). Gene array analysis was conducted using Gene Chip Human Genome 133 2.0 Plus Expression Array (Affymetrix Inc.). A detailed description of the gene array experimental procedure and statistical analysis of gene array data are available in the supplemental material.
Quantitative RT-PCR. Expression of mRNA was measured using TaqMan Gene Expression Assays on an ABI PRISM 7900 HT Sequence Detection System (Applied Biosystems). Total RNA was isolated from samples with RNAeasy columns (QIAGEN) and treated with DNase prior to cDNA amplification. cDNA was synthesized according to the manufacturer's conditions (iScript; BioRad). Reverse transcription (RT)-PCR primers and 6-carboxyfluorescein-labeled target gene probes were purchased from Applied Biosystems. The ABI 7900HT sequence detection system was used under normal amplification conditions for 40 cycles. VIC-MGB B-Action control primers and probe were coamplified as internal controls. All data were collected in triplicate and normalized to ␤-actin levels. Relative mRNA expression is given by the formula 2 Ϫ(CT of sample Ϫ CT of ␤-actin) , where C T (cycle count) is the threshold cycle value.
Tumor xenografts. All animals were handled in strict accordance with the internal, local, state, and federal regulations governing the use of laboratory animals in research. DAOY cells (2 ϫ 10 6 ) were seeded in 10 T-150 flasks for each condition and transduced with appropriate shRNA lentiviruses. Following selection in 1 g/ml of puromycin for 4 days and confirmation of knockdown by Western blotting, 10 7 shRNA-expressing cells were subcutaneously injected into the right flanks of 4-to 6-week-old nude female mice (eight mice per group). Satisfactory implantation was confirmed by the formation of a well-localized skin hillock. Tumors were measured every week with calipers. On day 54 postimplantation, all animals were euthanized, and each resulting tumor was excised and cleaned of external connective tissue. A portion of each tumor was fixed in 4% buffered formalin for histology analysis or snap-frozen in liquid nitrogen for protein extraction and Western blotting.
Histology and immunohistochemistry analysis of tumor xenografts. Eight animals, two from each of the four knockdown groups, were examined. Animals were selected for examination based on a high degree of knockdown on Western blotting. Formalin-fixed tumors were embedded in paraffin, and 5-m-thick sections were stained with hematoxylin and eosin or Masson's trichrome stain (Polyscientific Research and Development Inc.). The Chemicon ApopTag Peroxidase In Situ Apoptosis Detection Kit was used for apoptosis evaluation (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling [TUNEL] staining). Von Willebrand factor staining was performed using rabbit anti-von Willebrand factor from AbCam laboratories. Ki-67 immunohistochemistry was performed using rabbit anti-Ki67 antibody from Vector Laboratories. Image analysis for TUNEL and Ki-67 was performed on the Aperio Image Analysis system. All histology results were evaluated by a board-certified pathologist (R.M.).
Microarray data accession number. The microarray data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus under accession number GSE 7578.
RESULTS
Bmi-1 and Mel-18 compose nearly identical core protein complexes. Bmi-1 is believed to exert its biological effects in the context of the multiprotein PRC1. Although Mel-18 has also been detected in Drosophila PRC1, the constituents of the Mel-18 complex in human cells are presently unknown. Moreover, although a number of PRC1 members have been identified by a variety of indirect means (e.g., two-hybrid screening and coimmunoprecipitation studies), comparative evaluation of the compositions and biological roles of such complexes in mammalian cells has not been carried out.
Using the TAP method, we sought to comprehensively compare the compositions of Bmi-1 and Mel-18 multiprotein complexes purified from human cancer cells. Briefly, Bmi-1 and Mel-18 cDNAs were cloned into a vector containing tandem streptavidin-and calmodulin-binding peptide sequences, resulting in N-terminally tagged TAP-Bmi-1 and TAP-Mel-18 fusion proteins. Complexes containing either the TAP-Bmi-1 or TAP-Mel-18 fusion protein were purified from whole-cell lysates of stably expressed HeLa cell lines, according to the scheme depicted in Fig. 1A . Western blot analysis of samples taken at various steps of purification indicated significant (approximately 30-fold) enrichment for both Bmi-1 and Mel-18 in the final fraction (Fig. 1B) . Coomassie blue staining revealed a number of proteins that coeluted with Bmi-1 or Mel-18 but were absent from the control sample (data not shown). Mass spectrometry analysis of these eluted samples identified several peptides that were present with high confidence in the Bmi-1 or Mel-18 complexes but not in the negative control sample (see Table S1 in the supplemental material). These results enabled us to construct a putative protein interaction map for Bmi-1 and Mel-18 ( Fig. 1C) .
Our data show that Bmi-1 and Mel-18 appear to be present in nearly identical but distinct protein complexes, consisting of a number of proteins previously identified as direct interactors with Bmi-1 (i.e., Ring1, Ring2, Hph1, Hph2, and Cbx8) or as proteins that bind these interacting proteins (i.e., RYBP, YAF2, and Cbx4), thus potentially indirectly associating with Bmi-1 or Mel-18. Also, since no dedicated effort to identify Mel-18-interacting proteins has been undertaken previously, it is striking to observe that although Bmi-1 and Mel-18 appear to associate with almost indistinguishable repertoires of pro- (Fig. 2A) . When plated at low density, Rat1 cells transiently expressing either Bmi-1 or Mel-18 formed more colonies than empty-vector-expressing cells. The number of colonies was dose dependent with respect to the amount of transfected Bmi-1-or Mel-18-expressing plasmid. Furthermore, Bmi-1 and Mel-18 were able to substitute for each other in causing this phenotype, since concomitant expression of both Bmi-1 and Mel-18 resulted in nearly identical numbers of colonies, double the amount of transfected Bmi-1 or Mel-18 alone (Fig. 2B, C) .
We next asked if stable expression of Bmi-1 or Mel-18 could confer resistance to growth factor withdrawal in Rat1 fibroblasts. Rat1 cell lines stably expressing exogenous Bmi-1 or Mel-18 alone or in combination were generated (Fig. 2D ) and cultured for 10 days in 0.1% serum. As shown in Fig. 2E , exogenous Bmi-1 or Mel-18 alone only marginally improved cell survival in growth factor-depleted medium. However, simultaneous expression of both Bmi-1 and Mel-18 afforded significant proliferative advantage in Rat1 cells under low-serum conditions. Finally, to determine if overexpression of Bmi-1 or Mel-18 could allow anchorage-independent growth, a hallmark of transformation, Rat1 fibroblasts stably expressing Bmi-1, Mel-18, or both were seeded in semisolid medium. After a 3-week incubation period, a greater number of small colonies was detectable in Bmi-1-or Mel-18-expressing cells than in vectorexpressing controls (Fig. 2F and G) . Simultaneous expression of Bmi-1 and Mel-18 did not result in greater numbers of colonies than either protein overexpressed alone.
These data demonstrate that overexpression of either Bmi-1 or Mel-18 results in similar growth-enhancing phenotypes in Rat1 cells, thus further implying functional homology between the two proteins. Furthermore, in contrast to previously reported tumor-suppressive properties, these results strongly suggest an oncogenic function for Mel-18.
Stable shRNA-mediated knockdown of Bmi-1 and Mel-18 inhibits cancer cell growth in vitro but is not universally cytotoxic. Given extensive commonality of constituents in the Bmi-1 and Mel-18 protein complexes and similarity of phenotypes observed upon their overexpression in Rat1 cells, we hypothesized that Bmi-1 and Mel-18 might also have overlapping roles in the maintenance of the tumorigenic phenotype in cancer cells. To investigate this, we aimed to downregulate Bmi-1 and Mel-18 expression using shRNA in a number of cancer cell lines. Bmi-1 has been previously implicated in the pathogenesis of medulloblastomas and other cancers. In contrast, little is known about the role of Mel-18 in tumor cell growth. We therefore utilized lentiviral shRNA to stably knock down Bmi-1 and Mel-18 expression in DAOY human medulloblastoma cells either separately or in combination. Levels of Bmi-1 and Mel-18 proteins were significantly reduced in stable shRNA-expressing DAOY cells, whereas an irrelevant control shRNA had no such effect (Fig. 3A) . Knockdown of either Bmi-1 or Mel-18 resulted in the inhibition of cell proliferation in 10% FBS-containing media; this effect was further accentuated under reduced-serum conditions (Fig. 3B) . In a clonogenic survival assay, Bmi-1 or Mel-18 knockdown resulted in decreased colony formation, with the combination of Bmi-1 and Mel-18 shRNAs having the most pronounced effect (Fig.  3C and D) . Furthermore, while negative control shRNA-expressing cells formed numerous large, multicellular clusters in soft agar, Bmi-1 and Mel-18 shRNA-transduced colonies were fewer and, on average, smaller ( Fig. 3E and F) . To rule out off-target effects, phenotypic analysis was also confirmed in DAOY cells, using additional independent shRNA sequences that effectively abrogated Bmi-1 and Mel-18 expression (see (Fig. 4A) . The effects of Bmi-1 and Mel-18 knockdown in DAOY cells were also analyzed by FACS to assess cell cycle and apoptosis. Individual knockdown of either Bmi-1 or Mel-18 resulted in a two-to threefold increase in the sub-G 1 population in DAOY cells, indicative of apoptosis. Simultaneous abrogation of both Bmi-1 and Mel-18 expression caused further increase in the apoptotic fraction, up to sixfold compared with negative controls ( Fig. 4B and C) . We also examined the effects of Bmi-1 and Mel-18 knockdown on the growth of additional cancer cell lines, as well as untransformed human lung fibroblasts. Since Bmi-1 and Mel-18 have recently been shown to be coupregulated in primary breast cancers (40), we generated MCF7 human breast carcinoma cell lines stably expressing shRNAs targeting Bmi-1 and Mel-18 alone or in combination. Similar to the effects observed in DAOY cells, knockdown of either Bmi-1 or Mel-18 inhibited proliferation, clonogenic survival, and anchorage-independent growth of MCF7 cells. Simultaneous suppression of Bmi-1 and Mel-18 by shRNA consistently had a more dramatic effect on MCF7 cell growth than individual knockdowns (see Fig. S2 in the supplemental material).
The phenotypic effects of Bmi-1 and Mel-18 knockdown in SK-OV-3 human ovarian carcinoma and U2OS human osteosarcoma cell lines were also investigated. The growth and survival of these cells in a colony formation assay were not significantly affected by loss of either Bmi-1 or Mel-18 expression, whereas simultaneous suppression of both Bmi-1 and Mel-18 resulted in approximately 50% reduction in colony numbers (see Fig. S3A and B in the supplemental material). It must be noted, however, that residual Bmi-1 protein levels were slightly higher in U2OS and SK-OV-3 shRNA-expressing cell lines than in DAOY or MCF7 knockdown cells, which might account for differences in the observed phenotypes. Importantly, the growth of normal lung WI-38 fibroblasts was not significantly affected by nearly complete abrogation of Bmi-1 or Mel-18 expression (see Fig. S3C in the supplemental material) .
Taken together, these results indicate that while it had no discernible effect on the growth of normal human fibroblasts, loss of Bmi-1 and Mel-18 expression was deleterious to the growth and survival of multiple cancer cell lines. However, the cancer cell lines examined here varied in their sensitivities to Bmi-1 or Mel-18 depletion, perhaps due to different degrees of cellular dependence on Polycomb proteins and the ability of Bmi-1 and Mel-18 to substitute for each other in certain cellular contexts. Nonetheless, all cancer cell lines tested during the course of this study were sensitive to simultaneous knockdown of both Bmi-1 and Mel-18.
Bmi-1 and Mel-18 knockdown causes global changes in gene expression. Although the repertoire of genes regulated by PRC proteins in murine and human embryonic stem cells has recently been extended beyond Hox clusters and now includes multiple developmental regulators (5, 6, 28) , such comprehensive determination of gene expression patterns mediated by Bmi-1 and Mel-18 in cancer cells has not been undertaken. To better understand the phenotypes associated with Bmi-1 and Mel-18 depletion and to identify biological processes regulated by these Polycomb proteins in medulloblastoma cells, we surveyed gene expression changes in DAOY shRNA-expressing cells using an Affymetrix gene chip (HG-U133_Plus_2) containing approximately 55,000 gene probes, accounting for nearly the entire human genome.
Hierarchical clustering of transcription expression profiles revealed that wild-type (untransduced) and control shRNAtransduced cell lines subclustered relative to shRNA-Bmi-1 and shRNA-Mel-18 cell lines. All technical replicates also subclustered together (Fig. 5A) . Further statistical analysis revealed significant changes in expression (either up-or downregulation) of 1,551 genes in the Bmi-1 shRNA sample, 1,692 genes in the Mel-18 shRNA sample, and 1,110 genes in the Bmi-1 plus Mel-18 shRNA sample compared to either control shRNA or wild-type controls. A significant change in expression was defined as a P value of Յ0.05 for the Benjamini Hochberg (BH) false-discovery rate-adjusted t test score (26) . Notably, no significant differences in gene expression were detected between wild-type and control shRNA-expressing cells (all P values were determined to be Ն0.2 for the BH adjusted t test score) (data not shown). Strikingly, there was a highly significant (P ϭ 6.7 ϫ 10 Ϫ167 ) overlap among the genes regulated by Bmi-1 and Mel-18: 27% of Bmi-1-regulated genes were also found to be regulated by Mel-18, whereas 29% of Mel-18-regulated genes appeared to be coregulated by Bmi-1 (Fig. 5B) . These results support the notion of potential functional redundancy between these Polycomb homologues.
Given the well-established role of Polycomb proteins as transcriptional repressors, we further focused on genes whose expression levels were increased upon Bmi-1 and Mel-18 knockdown. In order to identify biological processes that are controlled by Bmi-1 and Mel-18 in DAOY cells, all significantly upregulated genes in Bmi-1, Mel-18, and Bmi-1 plus Mel-18 shRNA samples (significance was defined by a P value [BH] of Յ0.05, regardless of induction) were combined and categorized by their gene ontology (GO) pathways and transcription factor terms. As shown in Fig. 5C (see also Tables S2  and S3 in the supplemental material), Bmi-1 and Mel-18 appear to regulate a significant number of genes associated with extracellular matrix (ECM) remodeling, cell adhesion, and integrin-mediated signaling. In addition, Bmi-1 and Mel-18 knockdown perturbed the expression of constituent members of the TGF, WNT, VEGF, and AKT signaling pathways and revealed an overlap with gene expression-regulatory patterns associated with canonical transcription factors, such as p53, NF-B, USF2, and SMAD (Fig. 5D) .
Among the genes that displayed significant induction upon Bmi-1 or Mel-18 knockdown (twofold or greater; P value [BH] Յ 0.05) were a number of important developmental regulators and differentiation factors (e.g., TAGLN, NRP2, NAV2, BMP5, TGFB2, NOTCH2, HNT, VANGL1, and DKK1 in Bmi-1 shRNA-expressing cells and HHIP, JAG1, HNT, LTBP4, GAL, WNT5B, NFATC2, ODZ2, DKK3, NRP2, NRP1, NAV2, BMP1, LIF, NOTCH2, FZD8, VANGL1, and TGFB2 in Mel-18 shRNA-expressing cells) (see Table S4 in the supplemental material), further suggesting that Bmi-1 and Mel-18 maintain undifferentiated, "stem-like" cellular states and that abrogation of their activity results in the induction of differentiation programs.
To further confirm the results of gene expression profiling, we used quantitative RT-PCR (qRT-PCR) to assess changes in the expression of a number of upregulated genes, including tissue inhibitor of matrix metalloproteinase 3 (TIMP-3), hedgehog interacting protein (HHIP), and inhibin A (INHBA) genes (see Fig. S4 in the supplemental material) . Upregulation of these genes was also confirmed by qRT-PCR in an independent experiment in DAOY cells expressing Bmi-1 or Mel-18 shRNA (data not shown), thus further validating the microarray data. Preliminary chromatin immunoprecipitation experiments suggested that Bmi-1 and Mel-18 may interact directly with some of the genes identified as targets of regulation by gene expression analysis (data not shown).
Downregulation of Bmi-1 and Mel-18 suppresses the growth of human medulloblastoma xenografts in vivo. Our results have demonstrated that knockdown of either Bmi-1 or Mel-18 negatively affects the growth of DAOY and other cancer cell lines in vitro. In order to ascertain their roles in medulloblastoma growth in vivo, 2 ϫ 10 6 DAOY cells were transduced with Bmi-1 or Mel-18 shRNA, followed by rapid puromycin selection for 4 days prior to implantation. This approach was designed to circumvent the need to substantially expand transduced cells in order to have enough cells for implantation.
Following confirmation of satisfactory knockdown in the resulting stable lines by Western blotting (Fig. 6A) and qRT-PCR (data not shown), cells were harvested and implanted subcutaneously into nude mice. Tumor growth was monitored by weekly caliper measurement of tumor volume. DAOY xenografts in which the expression of Bmi-1 or Mel-18 was suppressed by shRNA exhibited substantially slower growth than their control counterparts over the 54-day observation period (Fig. 6B) . Moreover, Western blot analysis of tumor tissue harvested from animals upon termination of the experiment revealed persistent, albeit reduced, downregulation of Bmi-1 and Mel-18, thus confirming that the observed differences in tumor growth were due to suppression of Polycomb protein expression (Fig. 6C) . In addition, since the tumors were not microdissected and both anti-Bmi-1 and anti-Mel-18 antibodies recognize human and mouse proteins, we cannot rule out the possibility that mouse tissue contamination may account for some of the Bmi-1 and Mel-18 protein expression observed.
Representative xenografts were analyzed using established histological and immunohistochemical techniques. Hematoxylin and eosin staining revealed that control shRNA xenografts ) from each knockdown group were implanted subcutaneously in female nude mice (eight animals per group). Tumors failed to grow in two animals in the "Mel-18 shRNA" group and in one animal each in the "Bmi plus Mel shRNA" and "control shRNA" groups. The growth of all other xenografts was monitored every week with calipers. Shown are means Ϯ standard deviations of tumor volumes. (C) Animals were sacrificed on day 54 postimplantation, and total tissue extracts from all resulting tumors were analyzed by Western blotting (IB) for Bmi-1 and Mel-18 knockdown. (D) Xenograft tissues were also sectioned and stained with hematoxylin and eosin (H&E; top row). The arrows in the Bmi-1 shRNA sample indicate examples of inflammatory cells found throughout the tumor. Well-defined areas of inflammatory infiltrate were also found in the Bmi-plus-Mel shRNA xenografts, as indicated by arrows. The inset images are shown at higher magnification to highlight morphological differences between control shRNA and Bmi-1 and Mel-18 shRNA tumor xenografts. Masson's trichrome, which stains collagen fiber blue and cytoplasm, keratin, and muscle red, was used to reveal increased collagen deposition in the Bmi-1 and Bmi-plus-Mel knockdown tumors (middle panels). Anti-von Willebrand factor immunostaining was used to identify intratumoral blood vessels, as indicated by arrows (lower panels). (Fig. 6D, top  row) . Quantitative analysis of the Ki-67-positive nuclei and TUNEL staining for apoptosis revealed no statistically significant differences in the percentages of positive cells between the control and experimental groups (data not shown). However, it is likely that by the end point of this experiment (54 days postimplantation), most affected cells had undergone apoptosis, consistent with both the growth effects observed in vitro and with the histological features described above. Gene expression analysis identified ECM remodeling as one of the major biological processes regulated by Bmi-1 and Mel-18 in DAOY cells. We therefore utilized Masson's trichrome stain to evaluate extracellular collagen contents in shRNA-expressing tumors. Consistent with the results of gene expression profiling, Masson's stain revealed a moderate increase in collagen deposition in Bmi-1 and Bmi-1 plus Mel-18 knockdown tumors (Fig. 6D, second row) . In addition, we hypothesized that Polycomb knockdown might affect neovascularization of tumor xenografts, since the gene chip analysis identified significant changes in the expression of a number of angiogenesis regulators in DAOY cells. von Willebrand factor staining for intratumoral blood vessels revealed different patterns of vascularization in control shRNA and Bmi-1 and Mel-18 shRNA xenografts. Control shRNA samples showed von Willebrand factor immunoreactivity across the entire section, associated with both presumed vascular spaces; the Bmi-1 and Mel-18 knockdown tumors exhibited an overall reduction in von Willebrand factor staining structures (Fig. 6D, third  row) .
Collectively, these data show that shRNA-mediated downregulation of Bmi-1 and Mel-18 results in significant inhibition of medulloblastoma xenograft growth in vivo. In addition to quantitative differences in rates of progression, Bmi-1 and Mel-18 shRNA-expressing tumors appear to be morphologically different from their control counterparts, display alterations in collagen deposition, and are less vascularized. These results are consistent with our gene expression profiling observations and suggest that Bmi-1 and Mel-18 contribute to both tumor cell growth and tumor-stromal interactions.
DISCUSSION
This study was designed to characterize the relative contributions of the Polycomb homologue genes Bmi-1 and Mel-18 to cancer cell growth in vitro and in vivo. Bmi-1 has been proposed to play a role in the pathogenesis of several human cancers, including medulloblastoma, breast cancer, and hematologic malignancies. The role of its close structural homologue Mel-18 in tumorigenesis has been unclear. We utilized several human tumor cell lines, including DAOY medulloblastoma cells, to intensively investigate the consequences of Bmi-1 and Mel-18 shRNA-mediated downregulation both in vitro and in vivo. The DAOY cell line was chosen as a representative medulloblastoma cell line because previously described comparative gene expression profiling had demonstrated that the expression profile of DAOY cells closely resembles that of human medulloblastoma tumors (32) .
shRNA-mediated depletion of either Bmi-1 or Mel-18 had a significant effect on DAOY cell growth, which made it difficult to detect any additive or synergistic effects upon simultaneous knockdown of both Bmi-1 and Mel-18. However, we did consistently observe a slight but reproducible further decrease in DAOY proliferation and colony formation when both Bmi-1 and Mel-18 were downregulated. A similar response was noted in MCF7 cells upon simultaneous knockdown of Bmi-1 and Mel-18. In contrast, SK-OV-3 and U2OS cells were refractory to either Bmi-1 or Mel-18 knockdown but exhibited growth retardation phenotypes when both genes were downregulated. These data imply that the consequences of Bmi-1 and Mel-18 downregulation might vary depending on the cell lineage or other cellular factors and that Bmi-1 and Mel-18 might (at least in certain cells) perform overlapping functions. Importantly, normal human WI38 fibroblasts were insensitive to either individual or combined downregulation of Bmi-1 and Mel-18. These data are consistent with a recently published description of an acute small interfering RNA-mediated knockdown of Bmi-1, which resulted in apoptosis in cancer cells but not in normal cells (31) .
The increase in apoptosis that was observed in DAOY cells upon shRNA-mediated knockdown of Bmi-1 and Mel-18 is similar to previously noted moderate cell death in Bmi-1-null hematopoietic stem cells (20) and Mel-18-null early T-cell progenitors (33) . In addition, combined Bmi-1/Mel-18 shRNAmediated knockdown resulted in substantial apoptosis in DAOY cells, akin to the previously reported cell death phenotype in double-null Bmi-1/Mel-18 embryos (3). Apoptosis in Bmi-1 Ϫ/Ϫ hematopoietic stem cells has been proposed to be independent of p19/ARF induction, since concurrent p19/ARF ablation did not rescue these cells. We have examined the expression status of p16 and p19 in DAOY and other cancer cell lines utilized in this study following Bmi-1 or Mel-18 knockdown and failed to observe any appreciable increase in the levels of these tumor suppressors (data not shown). These observations, as well as previous studies indicating that the p16 promoter is methylated and p19 is altogether deleted in DAOY cells (14, 19) , suggest that silencing of this locus in cancer cells may occur via mechanisms that do not require Bmi-1. Furthermore, in previous studies of human mantle cell lymphomas with Bmi-1 gene amplifications and a wild-type INK4A/ARF locus, no correlation was observed between p16 levels and Bmi-1 overexpression (4). It is possible that distinct regulatory mechanisms may govern the activity of the INK4A/ ARF locus during development (or in stem cells) and in cancer cells.
We attempted to identify downstream targets responsible for the observed growth-inhibitory phenotypes in Polycomb shRNA-expressing DAOY cells by carrying out a comprehensive gene-profiling experiment. Microarray analysis and GO categorization of significantly upregulated genes revealed that both Bmi-1 and Mel-18 appear to regulate a large number of genes involved in ECM remodeling and cell adhesion. A number of such genes have additional well-documented roles in tumor cell proliferation and survival in vitro and in vivo. One such example is TIMP3, which, while acting primarily as an inhibitor of matrix metalloproteinases, also induces apoptosis in tumor cells through the death receptor pathway (1) and inhibits tumor vascularization in vivo via direct competition with VEGF for its cognate receptor binding (39) . Indeed, several other upregulated genes in the Bmi-1 and Mel-18 shRNAexpressing cells are capable of inducing apoptosis in addition to having other functions in the cell (e.g., HHIP and inhibin A). Strikingly, both HHIP and inhibin A have also been shown to serve as bona fide angiogenesis inhibitors in vivo (35, 36, 39) . Whether altered expression of these or other genes is directly responsible for the phenotypes observed upon Bmi-1 or Mel-18 knockdown in DAOY cells is currently under investigation.
While the ability of cancer cells to migrate and adhere does play a role in cell survival and growth in semisolid medium in vitro, it is particularly important to tumor maintenance in vivo. Consistent with the observed changes in the expression of genes controlling tumor-stromal interactions, our data showed that loss of Bmi-1 and Mel-18 expression results in an increase in extracellular collagen content and drastically reduced angiogenesis. These findings might also help explain previously reported strong correlation between Bmi-1 overexpression and distant metastases in a variety of human tumors (25) .
Several lines of experimental evidence presented here point to functional similarities between Bmi-1 and Mel-18, at least in the context of the cancer cell lines utilized in this study. Bmi-1 and Mel-18 protein complexes isolated by us also showed a striking degree of similarity, suggesting overlapping functions of these proteins. Our data confirm the results of several earlier immunoprecipitation and yeast two-hybrid studies aimed at characterizing the constituents of the mammalian PRC1 complex. In addition, our results are consistent with previously published observations that Bmi-1 and Mel-18 are capable of independently assembling identical protein complexes in vivo from overexpressed PRC1 core constituents (7) . We have now shown that this is true for endogenous PRC1 proteins. Since core Polycomb complexes are highly conserved throughout evolution (30), we expect that Bmi-1 and Mel-18 complexes purified by us from HeLa cells are similar to those found in other cell types.
Additional support for the notion of functional redundancy between Bmi-1 and Mel-18 was obtained when the overexpression phenotypes of Bmi-1 and Mel-18 were found to be similar in Rat1 fibroblasts. Consistent with previous reports that both Bmi-1 and Mel-18 can enhance the proliferation of rodent fibroblasts (9, 27) , we have now shown that Bmi-1 and Mel-18 can fully substitute for each other in increasing the proliferative potential of Rat1 cells and cooperate in rescuing these cells from death in growth factor-depleted media. Taken together with the results of shRNA-based experiments, these results suggest for the first time an oncogenic function for Mel-18. This is in contrast with previously published observations of increased tumorigenicity of immortal NIH 3T3 fibroblasts upon antisense-mediated Mel-18 downregulation (24) . In addition, no epidemiological data currently exist to directly implicate Mel-18 in human tumorigenesis. These observations would justify a more intensive investigation of Mel-18 in primary human tumors.
